Geoffroy's cat (Leopardus geoffroyi) is a small Neotropical felid whose social behavior remains poorly understood. We used simultaneous radiotelemetry (4 males and 3 females) and camera trapping to examine the spatial structure and dynamics of a population of this species in the Brazilian pampas (part of the Uruguayan Savannah ecoregion), including assessment of interindividual genetic relatedness. Home ranges (HRs) and core areas of males were larger than those of females. Males were significantly heavier than females, and linear regression analyses indicated that body mass of males significantly influenced HR size, whereas the relationship was not significant for females. When we performed a joint analysis comparing our data to those reported previously for other study sites, we observed the same patterns. We detected extensive HR and core area overlap among most of our monitored individuals, with no clear sex-based pattern. Moreover, our molecular data indicated that most of the sampled individuals were unrelated, and that the levels of HR and core area overlap were not significantly influenced by genetic relatedness. These results suggest that some interindividual tolerance and relaxation in territoriality may occur in Geoffroy's cat. We detected only minor changes in HR and core area size and overlap between seasons, indicating that the spatial structure we observed was temporally stable. On a broader perspective, our cross-site comparisons illustrate the usefulness of performing multiple ecological studies employing comparable methods at different locations to better understand the ecology of wild felid populations.
The spatial structure and dynamics of related and unrelated individuals of terrestrial species of the order Carnivora are influenced by intraspecific competition (Macdonald 1983) . Within this order, individuals may have exclusive territories or overlap considerably in their use of space. Which is observed depends on the abundance and distribution of resources (Johnson et al. 2002; Duncan et al. 2015) , on the benefits and fitness costs of defending those resources (Macdonald 1983) , and on strategies to avoid inbreeding (Schmidt et al. 2016) . Kinship dynamics of both solitary and group-living species of carnivorans are usually based on female philopatry and male-biased dispersal (Gompper and Wayne 1996) and may strongly affect their spatial organization (Macdonald 1983; Macdonald and Johnson 2015) . For solitary carnivorans, kinship influences on spatial patterns have been observed in raccoons (Procyon lotor-Ratnayeke et al. 2002) , bobcats (Lynx rufus-Janecka et al. 2006) , black bears (Ursus americanus- Costello et al. 2008) , and ocelots (Leopardus pardalis- Rodgers et al. 2015) . However, some studies with pumas (Puma concolor) did not find effects of relatedness on spatial organization, nor on tolerance of conspecifics at food sources (Nicholson et al. 2011; Elbroch et al. 2016 Elbroch et al. , 2017 . Given the scarcity of studies performed to date, and the variability in their approaches and results, it is difficult to draw conclusions on general patterns, and it is necessary to pursue analyses on a larger set of species.
Most felids seem to present non-cooperative strategies, with their social organization centered on individual territoriality (Caro 1989; Sunquist and Sunquist 2002; . Most studies on felid social structure have so far focused on large cats, with little information presently available for the more numerous small-bodied species . Combined spatial and kinship data are even scarcer, with 86.5% of extant felid species remaining completely unexplored in this regard ). This lack of knowledge hampers the understanding of evolutionary dynamics of most felids globally, and is an issue in the context of identifying, monitoring, and mitigating the threats imposed on them by human activities.
Among the small Neotropical felids, Geoffroy's cat (Leopardus geoffroyi) has been the focus of a few studies addressing spatial dynamics (Johnson and Franklin 1991; Manfredi et al. 2006 Manfredi et al. , 2012 Pereira et al. 2006 Pereira et al. , 2012 Castillo et al. 2008) . Although these studies may allow some insights into regional variation in spatial patterns in a Neotropical felid, much of the biology and spatial ecology of this species remains to be characterized. Geoffroy's cat is distributed from Bolivia and southernmost Brazil to the southern tip of Chile and Argentina (Cuyckens et al. 2016) , having been recorded in 18 ecoregions (Fig. 1) . Of the 6 studies published so far that reported home range (HR) sizes for this species (Johnson and Franklin 1991; Manfredi et al. 2006 Manfredi et al. , 2012 Pereira et al. 2006 Pereira et al. , 2012 Castillo et al. 2008) , 5 were conducted in Argentina and 1 in Chile. These 6 studies spanned 3 ecoregions (Olson et al. 2001) : Magellanic subpolar forest, Humid pampas, and Low Monte-Espinal (see Fig. 1 ). Geoffroy's cat is considered a solitary felid (Ximénez 1973 ) and previous studies have indicated that its HR size varies considerably, likely influenced by sex, body size, landscape features, and prey availability. Males tend to have larger HRs and move farther than females (Johnson and Franklin 1991; Manfredi et al. 2006 Manfredi et al. , 2012 . In certain areas, no overlap was found among HRs of males (Johnson and Franklin 1991) , whereas in others such overlap was extensive (Manfredi et al. 2006) . Pereira et al. (2006 Pereira et al. ( , 2012 observed that the level of spatial overlap was higher in a protected area than in cattle ranches, a difference that might be due to human-induced habitat alteration negatively affecting prey abundance and, in turn, inducing males to increase their intrasexual territorial exclusion. Although variation in body mass has been reported to influence HR sizes in this species (Pereira et al. 2006) , the connection between these variables has so far not been tested statistically, precluding in-depth assessments of local and regional variations in their relationship. Previous studies (Johnson and Franklin 1991; Lucherini et al. 2006; Pereira et al. 2006 ) reported body masses of Geoffroy's cats from several sites (Fig. 1) , and provided strong evidence for sexual size dimorphism, in which males were larger than females, a pattern found among felids in general (hyperallometry, according to Rensch's rule; Johnson et al. 2017 ). Some regional differences in body mass and their relationship to variation in HR size have been observed and discussed (Lucherini et al. 2006; Pereira et al. 2006) , laying out interesting hypotheses that can be further explored with additional data. Furthermore, kinship relationships have never been investigated for this species, hampering an assessment of their influence on spatial dynamics.
In the present study, we examined the spatial structure of a Geoffroy's cat population in the Uruguayan Savannah ecoregion, and compared it with those described in previous studies of this species. Specifically, we aimed to test 6 predictions: 1) males have larger HRs than females; 2) males are heavier than females; 3) within each sex, HR size is influenced by body mass; 4) the proportion of HR overlap differs between sexes; 5) HR overlap varies seasonally; and 6) genetic relatedness affects HR overlap (specifically, overlap is greater between related than unrelated individuals). Additionally, we reviewed all the information available on spatial dynamics of this species, aiming to achieve more general conclusions on the factors driving the observed patterns.
Materials and Methods
Study area.-We conducted our study from November 2013 to September 2015, in 2 contiguous, privately owned ranches located in the "Serra do Caverá" region (30°04′S, 55°31′W) of Rio Grande do Sul state, southernmost Brazil, within the Uruguayan Savannah ecoregion (Fig. 1) . The study area comprised ~30 km 2 and consisted of a mosaic of natural pampas, cattle pastures, and agriculture. The native vegetation is characterized by riparian forests (Guadagnin et al. 2015) , which are considered permanent preservation areas by the Brazilian government (Brazilian Federal Law 12.651/2012) although cattle are allowed to use these areas, surrounded by a diversity of grasslands (Boldrini 2009 ) undergoing livestock grazing (~100 cattle/km 2 ). In addition to native vegetation, agriculture is common in the study area, usually consisting of rice, soybean, oat, and ryegrass croplands. Climate is subtropical humid (categorized as "Cfa" in the Köppen climate classification) and weather conditions change considerably across seasons, with hot summers (average temperature of 24°C) and mild to cold winters (average temperature of 13°C). The average annual rainfall is 1,500 mm (Nimer 1989) .
Capture and sample collection.-All animal capture and handling procedures were approved by the PUCRS institutional Animal Care and Use Committee and by the Brazilian Ministry of the Environment (permit SISBIO-36803), and conformed to guidelines of the American Society of Mammalogists (Sikes et al. 2016) . From May 2014 to August 2015, we conducted 8 livetrapping campaigns. We used wire-mesh box traps measuring 35 × 40 × 90 cm (width × height × length) that were designed to preferentially capture felids (relative to other co-occurring carnivorans). We attached an external wooden compartment to the end of the trap opposite to the entrance, and used it to safely house a live bait (domestic chicken). This enclosure attracted the felids' curiosity, as they could smell and hear the chicken from the outside but could only see it after entering the trap. After being captured, cats could not reach the baits and were thus effectively fasted while in the trap, improving the safety of the anesthesia procedure. In addition, this extra bait compartment facilitated the chicken's welfare by better controlling temperature and humidity conditions. Throughout the capture campaigns, traps were checked and maintained daily, including feeding the chicken and cleaning its compartment.
Trapped Geoffroy's cats were immobilized with an intramuscular injection of Zoletil 50 (Virbac) at the intentional dose of 8-10 mg/kg (Manfredi et al. 2006 ). During handling, we used earplugs and bands on the cats to reduce sound and visual (Pereira et al. 2015) , with numbers 25-218 indicating different ecoregions (Olson et al. 2001) . Sites for which home range (HR) or body mass data on this felid are available are indicated by numbers: 1-Torres del Paine (Johnson and Franklin 1991 ; n = 9 individuals); 2-Los Alerces (Lucherini et al. 2006 ; n = 2); 3-Lihué Calel (Pereira et al. 2006 (Pereira et al. , 2012 ; n = 18); 4-Chasicó (D. Castillo, Universidad Nacional del Sur, pers. comm.; n = 8); 5-E. Tornquist (Lucherini et al. 2006; Manfredi et al. 2006 Manfredi et al. , 2012 ; n = 3); 6-Coronel Dorrego (Castillo et al. 2008 ; n = 1); 7-Campos del Tuyú (Manfredi et al. 2006; Lucherini et al. 2006 ; n = 4); 8-Northern Uruguay (Ximenez 1973; Lucherini et al. 2006 ; n = 2); 9-Southern Brazil (Lucherini et al. 2006 ; n = 23); and present study (star symbol; n = 12 for body mass, n = 7 for HR).
stimuli, and moistened their eyes with Epitezan to prevent dryness of the cornea. Every 5-10 min, we monitored their body temperature and respiratory and heart rates. All animals were handled under the supervision of an expert wildlife veterinarian.
For each captured individual, we recorded the sex, mass, body measurements, age class (juvenile, adult, or postreproductive, categorized primarily by tooth condition), coat color (melanistic or nonmelanistic [i.e., with dark spots on a light background]), and body condition. In addition, we fitted all healthy adult individuals captured between May 2014 and February 2015 with VHF radiocollars with mortality and activity switches (MOD-080-2; Telonics Inc., Mesa, Arizona). The collar packages weighed 45 g, which represented 1.5% of the body mass of the lightest captured individual (3 kg). Finally, to perform genetic analyses, we collected blood and cheek swab samples from each individual, and kept them in screw-cap tubes with the buffer TES (100 mM Tris, 100 mM EDTA, 2% SDS) at −20°C.
Telemetry data.-We monitored the radiocollared cats from May 2014 to September 2015. All data (including locations and activity readings) were collected by the same person from a vehicle or on foot. We estimated the positions of each animal by triangulation from the ground (White and Garrott 1990) , using a handheld H-antenna (RA-23K; Telonics) and a portable receiver (TR-4K; Telonics), based on at least 3 bearings for each location point. Most of the bearings were taken < 300 m from the cat, and we used only azimuths that differed by 60-120° to reduce location errors (White and Garrott 1990) . We georeferenced the locations (including visual sightings) of radiocollared animals using an eTrex Legend GPS device (Garmin International Inc., Olathe, Kansas) and included them in the analysis of HR sizes. We spaced successive locations by at least 3 h, which, according to Manfredi et al. (2006) , was long enough for cats to potentially cross their entire HRs at their study site. We acquired locations for each individual at least 6 times per month, aiming to distribute them homogeneously across the 24-h cycle. In addition to triangulation bearings, each record included ancillary information such as date, time, weather characteristics, and level of activity (resting, walking, or running).
Camera-trap data.-As an additional method to obtain locations of Geoffroy's cats, we carried out a camera-trapping survey from November 2013 to September 2015 (except for March to May 2014). We deployed 26 digital camera traps (20 Scout Guard, 4 Bushnell, and 2 Moultrie) on trails and places where signs of Geoffroy's cats (e.g., feces, tracks, etc.) had been found. Cameras were spaced ca. 600 m from each other over the surveyed area (~30 km 2 ), at ca. 30 cm above the ground. We did not use any type of lure. Camera traps were checked once per week to replace memory cards and batteries, and to confirm that they were operational. We programmed cameras in video mode (20 s) and to remain active 24 h per day, recording date and time. We then used all videos of radiocollared individuals to increase the number of fixes for HR analyses and to record as many individuals as possible present in the area, including those that were not captured in the traps or not monitored by telemetry. Individuals could be reliably identified based on their unique spotting pattern (Pereira et al. 2012) .
Genetic data.-We extracted genomic DNA from blood samples of each captured individual using the QIAamp DNA Mini Kit (Qiagen, Germantown, Maryland) . DNA extracts were assessed on 1% agarose gels stained with GelRed 10× (Biotium, Fremont, California) and quantified with a Nanodrop (Thermo Fisher Scientific, Waltham, Massachusetts) spectrophotometer. We used these extracts to genotype 14 microsatellite loci (9 tetranucleotides [F53, FCA391, FCA559, FCA742, FCA441, FCA453, F42, F124, and FCA740] , 4 trinucleotides [A04, CO5, F98, F146], and 1 dinucleotide [FCA723]) originally developed for the domestic cat (Menotti-Raymond et al. 1999 , and modified to contain an M13-tailed forward primer to allow flexible fluorescent labeling (Boutin-Ganache et al. 2001) . Each microsatellite locus was amplified individually by PCR (Saiki et al. 1985) in 10-ml reactions containing 1× PCR buffer (Invitrogen, Carlsbad, California), 200 mM dNTPs, 2.5 mM MgCl 2 , 0.2 mM of the reverse primer and M13-fluorescent primer (labeled with NED, FAM, or HEX fluorophores), 0.0133 mM of the M13-tailed forward primer, 0.1-0.5 unit of Platinum Taq DNA Polymerase (Invitrogen), and 10-70 ng of genomic DNA. The reaction profile for all loci was: 94°C for 3 min, 10 cycles of 94°C for 45 s, 60°C-51°C for 45 s (decreasing 1°C per cycle), 72°C for 1 min 30 s, 30 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for 1 min, and a final extension of 72°C for 30 min. Negative controls were included in each PCR batch to check for contamination. Reaction products were genotyped using a 3730xl ABI automated sequencer (Thermo Fisher Scientific).
Spatial ecology.-We measured the percent capture rate by dividing the number of captures by the capture effort (total number of trap-days) and multiplying it by 100. HR sizes were calculated using 2 data sets: 1) telemetry data only, and 2) telemetry plus camera-trap data. For each data set, we applied a kernel estimation of the utilization distribution (UD), incorporating 95% ("full kernel" HR) and 50% ("core area" HR) of the sampled points (Calenge 2006) . In these estimates, we used a smoothing parameter (h) with 2 different approaches: hA) the least squares cross-validation (hLSCV -Calenge 2006) , and hB) the reference bandwidth (href- Wand and Jones 1995) . In addition to the kernel estimates, we also estimated HR sizes using a minimum convex polygon (MCP) approach, considering 100% and 50% of the sampled points, to allow comparisons with previously reported HR sizes that used this method.
To test if HRs and core areas of males were larger than those of females, we performed a 1-tailed Wilcoxon-Mann-Whitney U-test. These analyses were carried out for all estimators (kernel-hA, kernel-hB, and MCP) and for the 2 data sets (telemetry only and telemetry + camera trap).
To estimate the spatial overlap among monitored cats, we used the combined data (telemetry + camera trap), since it increased our sample size of locations. As additional information, we calculated camera-trap-based HRs for individuals that were captured in box traps but not monitored with radiotelemetry. We did not include these results in the estimation of average HR sizes, but used them to measure HR overlap. The overlap was estimated as the mean between the proportion of animal i's HR that is overlapped by animal j's HR and the reciprocal proportion (animal j's HR that is overlapped by animal i's HR- Kernohan et al. 2001) . The analyses were carried out with kernel-hB 95% and 50%. The values of HR overlap range from 0% (no overlap) to 100% (total overlap). All estimations were carried out with the package "adehabitatHR" (Calenge 2006 (Calenge , 2015 in R 3.2.3 (R Development Core Team 2015). To test whether there were differences in the level of overlap between the 2 same-sex dyads (female-female [F-F] and male-male [M-M]), we used a Wilcoxon rank sum test (W) in R.
Finally, we measured HR sizes and levels of overlap in 2 seasonal partitions: spring-summer (October to March) and fallwinter (April to September). We estimated HR size with the 3 estimators mentioned above (kernel 95%-hA, hB, and 100% MCP) using the joint telemetry + camera-trap data set, and only including individuals with more than 20 fixes per season. To assess whether there was a significant difference in spatial overlap between seasons, we compared the observed values for each pair of individuals in spring-summer versus fall-winter using a 1-sample paired Wilcoxon-Mann-Whitney U-test. We performed this test separately for each type of dyad (F-F, F-M, and M-M).
We also visualized the overlap spatially by creating and exporting the HR shape files with packages "sp" (Pebesma 2005 ) and "maptools" (Bivand et al. 2018 ). These shape files were then plotted onto a vegetation map of the study area. We generated the map with a maximum likelihood approach (Patil et al. 2012) in the software ArcGIS 10.4.1 (ESRI 2016), using a Landsat 7 TM satellite image (in raster file) of the study site obtained from the National Institute of Space Research, Brazil (Instituto Nacional de Pesquisas Espaciais-INPE).
Comparison of HR size and body mass with previous studies.-To assess geographical patterns of variation in HRs of Geoffroy's cats, we compared our estimates for males and females (using only telemetry data and the 100% MCP and 95% kernel methods) with those reported in previous studies (Johnson and Franklin 1991; Manfredi et al. 2006 Manfredi et al. , 2012 Pereira et al. 2006 Pereira et al. , 2012 Supplementary Data SD1) .
We compared the HR sizes using a Kruskal-Wallis test. If the result was significant, we then performed Dunn's multiple comparison post hoc test, which is appropriate for groups with unequal numbers of observations (Zar 2010) , to identify the study areas whose HR sizes differed. We performed this test separately for males and females. We also compared the HRs of males and females for each different field site using 1-tailed Wilcoxon-Mann-Whitney U-tests.
We used the body mass data from captured adult males and females to assess sexual dimorphism and the relationship between body mass and HR in our study area. We calculated the mean and SD of male and female body mass, and compared them using a 1-tailed Student's t-test. In addition, to compare our results with individual-based data reported for other sites (Johnson and Franklin 1991; Lucherini et al. 2006 To test if HR size is related to body mass in Geoffroy's cat, we generated a linear regression model for each sex using the HR sizes calculated with each estimator (100% MCP and 95% kernel-hB). These analyses were also performed with individual-based data from other studies using 100% MCP and 95% kernel (Manfredi et al. 2006 (Manfredi et al. , 2012 Pereira et al. 2006 Pereira et al. , 2012 M. Lucherini, pers. obs.) to observe if the same pattern is discerned for this felid globally. We did not include the data from Castillo et al. (2008) as they were derived from a single male individual. Body mass was assumed to be the explanatory variable, while the HR estimators were treated as the dependent variables. These analyses were performed in R 3.2.3.
Genetic diversity and relatedness among individuals.-We determined genotypes with the software GeneScan (Applied Biosystems, Foster City, California). Genetic diversity indices, including the number of alleles, allele frequencies, and the observed and expected heterozygosities per locus were estimated with ML-Relate (Kalinowski et al. 2006 ) and Genepop 4.5 (Rousset 2008) . We tested for Hardy-Weinberg equilibrium using ML-Relate. The identification of null alleles was performed with both ML-Relate and Micro-Checker 2.2.3 (Van Oosterhout et al. 2004) , and the inbreeding coefficient (F IS ) was estimated with FSTAT 2.9.3.2 (Goudet 2001) . Relatedness coefficients (r) among individuals were estimated with ML-Relate, after exclusion of inferred null alleles, and were used to assign each pair of individuals to 1 of 4 possible pedigree relationships: unrelated (U), half-siblings (HS), full-siblings (FS), and parent-offspring (PO).
Relationship of spatial overlap and genetic relatedness.-We employed generalized linear models to test if the proportion of HR overlap was influenced by the relatedness coefficient (r) estimated for each dyad, for both the 95% and 50% kernelhB. We performed separate tests for each type of dyad (F-F, F-M, and M-M, and also for M-M including a male kitten). We also tested whether the overlap was greater between related individuals than between unrelated individuals using a 1-tailed Wilcoxon-Mann-Whitney U-test. These analyses were carried out in R 3.2.3. Finally, we used the kinship data to estimate pedigree relationships among individuals, and assessed them visually in the context of the spatial structure observed for the same animals.
results
Data collection.-We recorded 516 temporally independent photographs of Geoffroy's cats during 8,845 cameratrapping days. These data included cats that were captured in box traps and monitored with radiotelemetry, others that were captured and not radiocollared, and 10 additional individuals that were present in the area and not live-captured during the study (Table 1) . The camera-trap data set increased the total number of fixes of the captured cats from 442 to 663 (which improved the sample size of all captured individuals except for M1, which was never recorded in camera traps [telemetry fixes of this cat were located in an area not surveyed with our cameras]). Since many images were recorded before the live capture of an individual or after the end of its telemetrybased monitoring, they also expanded the period of data collection from a per-individual average of 122 to 345 days (see Table 1 ).
The total capture effort was 583 trap-days. The use of the new trap compartment was successful as a selective strategy, since the capture rate of Geoffroy's cats was 3.94% (2.06% excluding the recaptures), higher than the rate observed for other carnivoran species during the same period (0.85%; Supplementary Data SD2). We captured 12 different Geoffroy's cats (5 females and 7 males) and 7 of them (3 females and 4 males) were monitored by telemetry (Table 1) . Male M2 was recaptured 6 times and male M3 4 times; females F2 and F4 were recaptured 3 and 2 times, respectively. We did not monitor the other 5 individuals due to collar failure in 1 case, a fatal dog attack (2 days after the capture) in another, and the fact that the remaining 3 animals were captured at the end of the study (during the last recapture campaign).
HR size.-The average HR size (including males and females) at our study site, using telemetry data only, was (mean ± SD) 239.43 ± 229.28 ha (95% kernel-hA), 306.84 ± 291.37 ha (95% kernel-hB), and 208.65 ± 193.14 ha (100% MCP). When we combined radiotelemetry and camera-trap data (Fig. 2) , the average HR size increased to 378.66 ± 302.05 ha (95% kernelhB) and 273.31 ± 272.89 ha (100% MCP), while the estimation with kernel-hA (hLSCV) did not yield interpretable results for most individuals, since it over-fragmented the estimated HRs and core areas. When the sexes were analyzed separately, we observed a strong trend, visible across all estimators, for HRs of males to be larger than those of females (Table 2 ). This difference was statistically significant for 5 out of 10 estimators (among the 5 others, 4 presented P-values = 0.06), indicating the occurrence of sexual dimorphism in both the HR and core area sizes (Table 2) .
HR and core area overlaps occurred for all types of dyad (F-F, F-M, and M-M) (Supplementary Data SD3 and SD4). The mean (%) ± SD (max-min values) HR overlap with the 95% kernel estimator was 30 ± 19 (12-95) for F-F, 36 ± 18 (6-81) for F-M, and 34 ± 24 (5-92) for M-M (Fig. 2) . For the core areas, the overlap was 8 ± 12 (0-50) for F-F, 4 ± 7 (0-25) for F-M, and 8 ± 14 (0-45) for M-M (Fig. 2) . There was no significant difference in overlap between the F-F and M-M dyads, for both HR (W = 322.5, P = 0.66) and core area (W = 231, P = 0.15).
When assessing differences in HR size between seasonal partitions, we observed that the average HR and core area sizes tended to be larger in winter than summer for both sexes, except the ones estimated with 95% kernel-hB for females and 100% MCP for males (Supplementary Data SD5 and SD6) . When we visually assessed the HR distributions in the 2 partitions, we observed that they changed slightly between spring-summer and fall-winter (Supplementary Data SD5) . However, when we compared the extent of overlap for each pair of individuals between spring-summer (Supplementary Data SD7) and fallwinter (Supplementary Data SD8), we observed no significant differences for F-F (n = 6 pairs, V = 14, P = 0.56) and F-M (n = 24 pairs, V = 93, P = 0.10), whereas we found marginal differences for M-M (n = 12 pairs, V = 14, P = 0.05).
HR size for males differed significantly among study sites when using 100% MCP estimates (n = 33, comparisons = 21, U = 18, d.f. = 6, P < 0.05) but not for 95% kernel estimates (n = 15, comparisons = 10, U = 7.4, d.f. = 4, P = 0.12). Our post hoc analysis with MCP data indicated that HR sizes of males from Torres del Paine (Chile-Johnson and Franklin 1991) were significantly different from those from Lihué Calel (Argentina- Pereira et al. 2006 Pereira et al. , 2012 ; all other comparisons did not yield significant differences (Supplementary Data SD9). For females, the HR size was not significantly different among sites (100% MCP: n = 19, comparisons = 15, U = 6.17, d.f. = 5, P = 0.29; 95% kernel: n = 12, comparisons = 6, U = 5.6, d.f. = 3, P = 0.14; Supplementary Data SD9). The HR sizes did not vary significantly between males and females ( Fig. 3 ) at any site: Torres del Paine-100% MCP: H = 9, P = 0.09; Lihué Calel-100% MCP: H = 57, P = 0.29; 95% kernel: H = 7, P = 0.43; E. Tornquist-100% MCP: H = 4, P = 0.17; 95% kernel: H = 4, P = 0.17; Campos del Tuyú-100% MCP: H = 2, P = 0.33; Chasico-100% MCP: H = 12, P = 0.12; 95% kernel: H = 12, P = 0.12; except for the present study, in which we found a difference for the 95% kernel (H = 12, P = 0.03) but not for the 100% MCP (H = 10, P = 0.11; Table 3 ).
Body mass.-We weighed 10 adult Geoffroy's cats (5 males and 5 females). Males weighed significantly more than females (4.63 ± 0.57 kg versus 3.48 ± 0.35 kg, respectively; t 6.6 = 3.84, P < 0.05). In a comparison across study sites (54 males and 42 females), we observed significant differences in body mass between sexes (F 1,94 = 62.45, P < 0.01), with the Torres del Paine site in Chile being the only area in which body mass was not significantly different between males and females (P = 0.09; Fig. 4) . We also observed significant differences in body mass among locations when each sex was assessed separately (males: F 9,44 = 6.87, P < 0.01; females: F 8,33 = 3.05, P < 0.01; Fig. 4) . The post hoc test for males indicated that this result was driven by the difference within 10 out of 46 potential pairs (Supplementary Data SD10), while for females this test indicated that the significant difference was driven by 2 out of 36 comparisons (Supplementary Data SD10) .
Effect of body mass on HR size.-In our study area, the coefficient of linear regression between body mass and HR size (β) was always positive for males, and significant. For females, the coefficient was negative, but not significant for either estimator (Table 3) . When we assessed this relationship across multiple study sites, the results were clearly different between the sexes (Fig. 5) . For males, we observed a positive and significant relationship with both estimators, in contrast to the pattern observed for females (Table 3) . The table reports the age category of each individual (A = adult, J = juvenile, K = kitten), the period tracked, the days tracked, and total location points (fixes) using 3 data sets: radiotelemetry (TL), camera trapping (CT), and radiotelemetry plus camera trapping combined (TL + CT). Individuals not monitored by telemetry. F4 and F5 were live-captured in the last field campaign, during the recapturing campaign to remove the radiocollars of the monitored cats, and were not radiocollared;
ID
M5 and M6 were juveniles; M7 was killed by dogs. Genetic variability.-We observed a mean of 6.14 ± 2.5 alleles per locus (ranging from 3 to 10 alleles), and the average gene diversity per locus was 0.74 ± 0.15. The mean inbreeding coefficient (F IS ) was estimated to be 0.03 (Table 4) . Of the 14 loci tested, 1 (FCA723) was estimated to harbor null alleles based on the Micro-Checker results; using ML-Relate, heterozygote deficiency patterns suggestive of null alleles were observed at 2 loci (FCA723, P < 0.05; and C05, P < 0.05). To be conservative, we did not include these 2 loci in the relatedness analyses. We found 15 cases of potential (nonzero) relatedness (r) between individuals in this population, 4 of which were inferred to represent interpretable relationships (Supplementary Data SD11). Overall, the observed levels of relatedness between individuals were very low (F-F pairs: mean r = 0.093 ± 0.24; M-M pairs: mean r = 0.03 ± 0.06; F-M pairs: mean r = 0.043 ± 0.11), indicating that this local population was outbred.
Relationship between spatial overlap and genetic relatedness.-To evaluate if the proportion of HR overlap is influenced by genetic relatedness, we tested each type of dyad using 2 linear regressions (Supplementary Data SD12). For F-F, F-M, and M-M dyads, the results were not significant for the 95% kernel-hB or for the 50% kernel-hB (Table 5) . However, when M-M dyads were assessed including a male kitten, we observed a significantly positive relationship with the 50% kernel-hB estimator (Table 5 ). When we analyzed the spatial structure of related animals (Fig. 6) , we observed extensive overlap for all cases of inferred genetic relationship. However, we also observed a similar level of overlap for unrelated pairs of animals (Fig. 6) . The results of the test indicated no significant difference in the proportion HR overlap of related versus unrelated individuals (HR: U = 112, P = 0.37).
discussion
This study provides a detailed description of the spatial structure and dynamics of a Geoffroy's cat population, including assessment of interindividual relatedness for this species. The new data on HR size and body mass, along with the global assessment of geographical variation in the relationship between these characteristics, suggest that the ecology of this felid is strongly influenced by sexual selection.
Camera-trap records were important complements to VHF telemetry in this study, since they increased the number of locations of captured individuals and the monitoring period of cats, and allowed us to include additional animals that were not livetrapped and collared. Although radiotelemetry remains the most informative approach to assess HRs since radiocollars are directly attached to the individuals, this method may be limited by occasional signal reception failure (e.g., due to distance beyond a certain threshold or variable environmental features such as topography or vegetation cover), as well as potential imprecision of individual location estimates based on triangulation. The latter issue can be overcome by the use of GPSbased collars, but such technology is still not fully optimized for small-bodied predators such as the wild cats investigated here. Camera trapping allows precise coordinates of records to be obtained, but depends on the fortuitous capture of individuals in a complex environmental setting and locations of potential captures are determined by the researcher (i.e., placement of the cameras). Therefore, for camera trapping to achieve a similar data collection efficacy as radiotelemetry, the number of stations would have to be extremely large to densely cover the entire surveyed area, and still parts of some HRs could be missed.
Considering these strengths and limitations of both methods, and the complementarity of the data they provide, their joint use leads to clear advantages in terms of reliable and comprehensive assessment of HRs relative to the 2 approaches separately. In addition to improving HR estimates, the incorporation of camera-trap data allowed the assessment of behavioral aspects that could not be directly investigated with radiotelemetry alone. For example, we were able to record 3 females accompanied by kittens on different occasions. One of the females (F2) was recorded several times during her pregnancy (October 2014), and then, after birth, the kitten (a female) was photographed with the mother until it was approximately 9 months old. We observed that each pregnant female appeared to raise only 1 kitten per litter, in contrast to other regions of southern Brazil where litters more often comprised 2 or 3 offspring (F. D. Mazim, pers. obs.). These records thus considerably improved knowledge of the behavior, space use, and the interactions among individual Geoffroy's cats at a fine scale.
All adult individuals that were captured and radiotracked in the present study were considered residents (> 100 days) in the area. Adult males stayed in the same area for at least 11 months, and 1 male (M4) was in same area for almost 2 years (Table 1) . These results differed from those reported for other sites (Johnson and Franklin 1991; Pereira et al. 2006) , in which some males abandoned an area after 3-5 months. Three transient adult males were documented by the camera traps Fig. 3. -Geographical variation in home range sizes of Geoffroy's cats (Leopardus geoffroyi). Average and SD are shown for each site for which these data could be computed. The single male individual reported for location 6 (Castillo et al. 2008) is not shown in the plot due to its extreme outlier home range size (2,696.4 ha) relative to the other studies. A) 100% minimum convex polygon (MCP); B) 95% kernel. Study sites are identified in Fig. 1 . Table 2 .-Home range (HR) and core area sizes (ha) for each Geoffroy's cat (Leopardus geoffroyi) monitored at our study site in 2013-2015, using different estimators and 2 data sets (TL = telemetry only and TL + CR = telemetry plus camera trapping), plus the mean and SD of all females and males. Wilcoxon-Mann-Whitney test (U) was performed to compare HR sizes of males and females (P is the P-value of this test). in the same area occupied by the 4 resident males (Table 2) . However, all adult females recorded in the present study were considered residents. No Geoffroy's cat had an exclusive HR and the mean overlaps for F-F and M-M dyads were not significantly different, suggesting there was no sex-based pattern of HR overlap in this population. According to , spatial arrangements in felids may be nonrandom and involve various types of social interactions. Those authors proposed 4 possible spatial arrangements for felids, based on 2 categories (exclusive [E] or overlapping [O] ) of intersexual and intrasexual HR overlap: EE (no overlap or < 10% overlap), OE (males overlap and females do not), EO (females overlap and males do not), and OO (HRs of both sexes overlap). In our study, the arrangement was "OO," and we observed the same pattern in 3 previous studies of Geoffroy's cat (Manfredi et al. 2006 (Manfredi et al. , 2012 Pereira et al. 2012 ). The spatial group arrangement "EO" was also found for the species in 3 previous studies (Johnson and Franklin 1991; Pereira et al. 2006 ). In our study area, overlap of core areas also occurred in all types of dyads (F-F, F-M, and M-M). Furthermore, there were 10 additional individuals in the study area for which we could not assess overlap. However, the records of these individuals were always inside the HRs of the captured cats, indicating that the overall degree of overlap was larger than that we estimated. Because this underestimation of HR overlap is likely to have occurred in other study areas as well (M. Lucherini, pers. obs.) and HR overlap appears to be common, substantial (even encompassing core areas), and relatively widespread in the majority of sites where Geoffroy's cat occurs, these results suggest some degree of territorial tolerance.
In our studied Geoffroy's cat population, HR and core area overlap typically occurred in riparian vegetation, which was less disturbed habitat than surrounding areas within farmlands. This result is similar to those of Pereira et al. (2006 Pereira et al. ( , 2012 , who observed a greater spatial overlap in a protected area than in adjacent cattle ranches, with some individuals overlapping even in core areas. Cattle activity may influence both the variety and quantity of resources available to the cats (e.g., prey, water, shelter), which may in turn affect the spatial dynamics of Geoffroy's cats. However, the density of cattle in our study area was higher (~100 individuals/km 2 ) than in Pereira et al.'s (2006 Pereira et al.'s ( , 2012 studies (9-21 cattle/km 2 ) and further studies are necessary to test the influence of different cattle densities on vital resources for this felid.
Home range sizes and overlap were slightly different between seasons, being larger in fall-winter than during spring-summer in our study area. Previous studies in Argentina observed that the degree of HR overlap between females can fluctuate seasonally (Manfredi et al. 2006; Pereira et al. 2006) , and suggested that this may be related to prey availability and abundance. In southern Brazil, although we observed a seasonal difference in HR size, this variation did not appear to have a large influence on HR overlap, which suggests that the spatial dynamics of this population does not change substantially between seasons.
Our global analyses of Geoffroy's cat HR sizes suggested the existence of geographical variation for males; however, a significant difference was found only in 1 out of 21 tested pairs. HR sizes of females, on the other hand, did not vary geographically. Although HRs tended to be larger for males than for females, there was no statistical significance except in the data from the present study. We found some geographical variation in body mass for males (22% of pairwise comparisons indicated a significant difference) and a less widespread difference for females (5% of comparisons indicated a significant difference); in both sexes, the majority of the pairwise comparisons were not significantly distinct. When we compared body mass of males and females, males were significantly heavier than females at most sites (except Torres del Paine), in agreement with Lucherini et al. (2006) and Trigo et al. (2014) , who reported sexual dimorphism in body mass (Manfredi et al. 2004; Sousa and Bager 2007; Trigo et al. 2013a) , and this may influence body mass and HR size. The lack of variation across sites could also be related to results of previous molecular and morphological studies, which have suggested that this species appears to have little geographic structure, and no significant barriers to gene flow across a large spatial scale (Johnson et al. 1999 ; Nascimento 2014). When we assessed the body mass of the captured individuals, we observed that the averages were almost identical to those previously reported (using a nonoverlapping set of individuals) for this same geographic region (Lucherini et al. 2006) . In addition, we found that body mass in male Geoffroy's cats was positively related to HR size, whereas this was not true for females. These results were observed both in our study site and in the assessment of the information from previous studies. The combination of these results with the relatively low geographical variation in body mass suggests that the effect of body mass on HR size in this felid is likely greater than that of environment. Sexual dimorphism is explained by the theory of sexual selection (Darwin 1871) . In most mammals, sexual selection acts differently on males and females, with the former being driven to mate with as many females as possible, and the latter being driven to promote offspring survival. This induces malemale competition for access to females (Freeman and Herron 2009) .
Genetic variation within our studied population was high compared to that for the species as a whole (Trigo et al. 2008 (Trigo et al. , 2013b ; the inbreeding coefficient indicated an outbred population, which is consistent with the assumption that it is connected to other areas. This result is important for the conservation of this species, as it indicates that Geoffroy's cats can still disperse 2 ) in a Geoffroy's cat (Leopardus geoffroyi) population from Serra do Caverá, southernmost Brazil. Genetic relatedness was assumed to be the explanatory variable, while the HR overlap (calculated using the 95% kernel-hB and 50% kernel-hB estimators) was treated as the dependent variable. The relationship between these variables was tested in each type of dyad (F-F, F-M, M-M, and M-M including a kitten). among local populations in this region. Since riparian vegetation has been found to be an important habitat for the species in this human-dominated landscape (Tirelli 2017) , it is possible that it serves as a corridor genetically connecting populations across this region. Testing this hypothesis should be a priority for future studies addressing conservation of these populations. The extent of HR and core area overlap was not influenced by genetic relatedness in this Geoffroy's cat population. There was only one exception, in which the core area overlap was positively influenced by relatedness in M-M pairs when a male kitten was included in the analysis. This could indicate that an adult male may tolerate a male kitten that is its half-sibling within its core area. This observation may be consistent with a hypothesis of kin selection, in which individuals that tolerate or collaborate with related individuals can maximize their own fitness (Hamilton 1964; Griffiths and Armstrong 2001) . On the other hand, we did not find support for the hypothesis that closely related individuals overlapped more in space than unrelated ones. Similar findings were obtained in 3 studies of P. concolor (Nicholson et al. 2011; Elbroch et al. 2016 Elbroch et al. , 2017 , suggesting that relatedness is not a major influence on the spatial organization of felid populations. However, Elbroch et al. (2016) also warned that their results may have been biased by human hunting pressure and that in hunted populations, territoriality may be weaker and female immigration stronger than in undisturbed puma populations, resulting in a destabilization of matrilineal lineages (Beausoleil et al. 2013; Stoner et al. 2013 ). Both arguments could alternatively explain the results found for Geoffroy's cats in our study. In Brazil, hunting of native wildlife is illegal; however, there are several instances of animals killed by domestic dogs, as happened to some of our studied cats. Additionally, since human-dominated areas represent 97% of the Brazilian pampas (MMA 2007) , human disturbance in this biome may have a similar effect on territorial boundaries of Geoffroy's cats as hunting does on pumas.
The largest gap in knowledge of wild felids is the lack of studies focusing on small cats from South America and Asia. This is remarkably important since ~45% of extant felids are small (< 10 kg) and occur in these 2 geographic regions Zanin et al. 2015) . In this context, a clearer understanding of the spatial dynamics of this Geoffroy's cat population will aid in the development of regional management plans for this felid in the Brazilian pampas. Additionally, understanding the patterns of variation in the biology and ecology of Geoffroy's cat across its range should help design effective conservation strategies that allow the long-term persistence of this felid in the variety of habitats in which it occurs.
acknowledgMents
We are grateful to Panthera, Fundação Grupo O Boticário, CNPq, and CAPES for funding this study. FPT was supported by a CNPq scholarship during most of her work in this study, and by CAPES during her stay at the WildCRU, United Kingdom. We thank the ranch owners for allowing us to conduct research on their lands, as well as everyone who assisted with fieldwork, especially F. Rocha and C. B. Kasper.
suppleMentary data
